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ABSTRACT
The study of 21 cm line observations of atomic hydrogen allows detailed insight into
the kinematics of spiral galaxies. We use sensitive high-resolution VLA data from
The HI Nearby Galaxy Survey (THINGS) to search for radial gas flows primarily in
the outer parts (up to 3 × r25) of ten nearby spiral galaxies. Inflows are expected to
replenish the gas reservoir and fuel star formation under the assumption that galaxies
evolve approximately in steady state. We carry out a detailed investigation of existing
tilted ring fitting schemes and discover systematics that can hamper their ability to
detect signatures of radial flows. We develop a new Fourier decomposition scheme that
fits for rotational and radial velocities and simultaneously determines position angle
and inclination as a function of radius. Using synthetic velocity fields we show that
our novel fitting scheme is less prone to such systematic errors and that it is well
suited to detect radial inflows in disks. We apply our fitting scheme to ten THINGS
galaxies and find clear indications of, at least partly previously unidentified, radial gas
flows, in particular for NGC 2403 and NGC 3198 and to a lesser degree for NGC 7331,
NGC 2903 and NGC 6946. The mass flow rates are of the same order but usually larger
than the star formation rates. At least for these galaxies a scenario in which continuous
mass accretion feeds star formation seems plausible. The other galaxies show a more
complicated picture with either no clear inflow, outward motions or complex kinematic
signatures.
Key words: galaxies: kinematics and dynamics – galaxies: structure – radio lines:
galaxies
1 INTRODUCTION
The question of how spiral galaxies manage to sustain star
formation activity over cosmological times is key to our un-
derstanding of galaxy formation and evolution. Finding an
answer is not easy, given that most observations point to-
wards very short gas depletion timescales. For example, our
Galaxy forms new stars at a rate of 2 − 4 M yr−1 (Naab
& Ostriker 2006, Adams et al. 2013). Its gas mass is about
8 × 109 M (see Ferrie´re 2001 and Kalberla 2003). If we
? E-mail: tschmidt@mpia-hd.mpg.de
assume a constant star formation rate (SFR, Binney et al.
2000), then the remaining gas should be converted into stars
within about 2−4 Gyr. Similar values or order of only a few
billion years are reported for many nearby disk galaxies (for
observational evidence, see for example Bigiel et al. 2008,
Leroy et al. 2008, or Bigiel et al. 2011; for theoretical ar-
guments, see e.g. Pflamm-Altenburg & Kroupa 2009). At
higher redshifts of z ≈ 2, the depletion timescale can be
even shorter. Values of 0.6− 1.5 Gyr have been inferred for
the total gas (e.g. Genzel et al. 2010), while the numbers
for the molecular gas component can be as low as 0.5 Gyr
(Daddi et al. 2010). In vigorously star forming merging sys-
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tems, the observations suggest even shorter timescales, down
to 0.1 Gyr.
We note, however, that these are average numbers, with
the data showing significant variations, both from galaxy
to galaxy and within each galaxy as a function of many
parameters, not just column density (for further discussions,
see (e.g. Saintonge et al. 2011, 2012; Leroy et al. 2013; Shetty
et al. 2013, 2014; Shetty, Clark, Klessen 2014)).
If we discard the possibility that most spiral galaxies
are observed at the verge of running out of gas, and instead
assume that they evolve in quasi steady state, then this re-
quires a supply of fresh gas delivered to the galaxy at a
rate roughly equal to its star formation rate. Indeed, there
is additional support for this picture.
First, galactic accretion flows are a natural outcome of
cosmological structure formation calculations. For example,
Dekel et al. (2009) and Ceverino et al. (2010) argue that mas-
sive galaxies are continuously fed by steady, narrow, cold gas
streams that penetrate through the accretion shock at the
virial radius into the central galaxy (see also Marinacci et al.
2014). Roughly three quarters of all galaxies forming stars at
a given rate are fed by smooth streams (see also Agertz et al.
2009), at least up to redshifts of z ≈ 2. The details of this
process are still under debate, as they seem to depend on
the numerical method employed and on the way gas cooling
is implemented (e.g. Bird et al. 2013). Nevertheless, even if
most of the gas shocks at the virial radius and builds up a hot
ionised halo, some fraction of it may cool down again and
become available for disk accretion. As proposed by Peek
(2009) this gas could condense into higher-density clumps at
the interface between halo and disk and then “rain” down
onto the disk later in the process. This transport of matter
converts potential energy into kinetic energy, and consti-
tutes a source for the observed turbulence on smaller scales
and thus contributes to controlling the star formation pro-
cess in the galaxy (Mac Low & Klessen 2004). Indeed, gas
accretion has been proposed to be the main source of turbu-
lence in the extended outer disk of galaxies, where the star
formation activity is low and consequently stellar feedback
cannot provide enough energy and momentum to explain
the observed velocity dispersion in the H i gas (Klessen &
Hennebelle 2010).
Second, indirect support for continuous accretion comes
from the fact that the observed amount of atomic gas in
the universe appears to be roughly constant, from a red-
shift of z ≈ 3 till today, while the stellar content continues
to increase, suggesting that overall the H i content of typi-
cal galaxies is continuously replenished from some external
reservoir (Hopkins et al. 2008; Prochaska & Wolfe 2009).
Third, for our Galaxy at least, further evidence for an
ongoing inflow of low-metallicity material stems from the
presence of deuterium in the solar neighbourhood (Linsky
2003) as well as in the Galactic Centre (Lubowich et al.
2000). As deuterium is destroyed in stars and as there is
no other known source of deuterium in the Milky Way, it is
thought to be pristine material of extragalactic origin (Os-
triker & Tinsley 1975; Chiappini et al. 2002) falling on the
Galaxy for the first time.
If gas is accreted onto a disk galaxy from great dis-
tances, the new material is most likely delivered to large
galactic radii. This is a consequence of angular momentum
conservation, and it finds additional support from the fact
that the outer disk simply has a larger cross section than the
central regions. As most of the star formation occurs in the
inner parts, one might expect an inward flow of gas through
the disk. It is this radial mass flux that we aim to detect in
this study.
In many galaxies neutral hydrogen (H i) is found out to
radii much larger than the optical disk (e.g. Walter et al.
2008; Bigiel et al. 2010a,b). This gas provides us with the
possibility to look for infall signatures. Indeed, the asymme-
try commonly seen in the outer disks of galaxies are often
considered to be the result of gas accretion (Bournaud et al.
2005; Jiang & Binney 1999; Ostriker & Binney 1989; Frater-
nali & Binney 2008), triggered either by recent minor merg-
ers (Zaritsky & Rix 1997) or by tidal interaction (Kornreich
et al. 2002). Some galaxies show one very prominent spiral
arm extending beyond the rest of the H i disk. Others have
tails or a very asymmetric and lopsided disk or show sub-
stantial warps, especially in the outskirts. Also H i bridges to
companion galaxies are observed. Sancisi et al. (2008) argue
that these observations are evidence for recent or ongoing
accretion and infall of cold gas, and they claim that in at
least 25% of field galaxies indications for a merger event or
tidal interactions can be detected.
The detection of high velocity clouds (HVCs, Miller
et al. 2009) points in a similar direction. These are extra-
planar H i clouds with low metallicities (van Woerden &
Wakker 2004), with anomalous kinematics (Fraternali et al.
2002), and with velocity gradients that are perpendicular to
the Galactic plane (Fraternali et al. 2005). Many of them
have a ”head-tail” shape as is expected for the motion of
colder and denser clouds through the tenuous hot halo gas
of the Milky Way. Their origin, however, remains unclear.
They could be fresh material falling onto the Galaxy for the
first time. Or the HVCs could be the fallback of Galactic
fountain flows (Shapiro & Field 1976; Bregman 1980). In
this case HVC’s contain enriched gas that is ejected from
the disk by stellar feedback. This gas is likely to fall back at
larger radii. As it is lifted from the disk midplane, it runs
down a vertical pressure gradient and some fraction of it
spreads to larger radii. It travels through the hot halo gas
above the plane that is rotating more slowly (Fraternali &
Binney 2006, 2008). As a consequence, the ejected material
has larger angular momentum than its environment, and as
it mixes with the extraplanar gas, it falls back to the disk
at larger radii than it came from.
Gas that accretes onto the outer disk must move in-
wards through this disk, before it becomes converted into
stars in the star forming inner regions of the galaxy. To
search for these radial gas flows, Wong et al. (2004) stud-
ied seven spiral galaxies based on CO and H i observations.
They found elliptical and bar streaming motions and could
give upper limits on the magnitude of possible radial inflows.
However, without the availability of deep large-scale maps,
the focus was on the inner disks, where the non-circular mo-
tions detected were of the order of 5−10 km s−1, comparable
to the level of turbulence in the disk. Our approach is differ-
ent. We focus on the extended outer disks of nearby spiral
galaxies, where the gas density is low and therefore the local
streaming velocity needs to be high in order to result in an
appreciable mass flow.
We base our analysis on 21 cm line observations of neu-
tral hydrogen in The H i Nearby Galaxy Survey (THINGS,
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Walter et al. 2008). This allows to trace gas up to very large
radii, typically far beyond the optical radius of the galaxy.
The survey provides two-dimensional high-resolution veloc-
ity maps, and our approach to model these velocity fields is
in general known as ”tilted ring fit”. The map is decomposed
into individual rings which are circular within the plane of
the disk, but inclined with respect to the line-of-sight and
therefore appear elliptical. For each of them, inclination, po-
sition angle, circular velocity, and other parameters are de-
termined. The method was first described by Rogstad (1974)
and developed further by e.g. Bosma (1978) and Begeman
(1987). These studies derived rotation curves for a number
of galaxies based on H i maps from the Westerbork Syn-
thesis Radio Telescope. Other studies extended this concept
by also fitting non-circular velocity components of different
kinds to the velocity field.
High-order harmonic decompositions were used by
Schoenmakers, Franx & de Zeeuw 1997 (applied to HI obser-
vations of NGC 2403 and NGC 3198) and Trachternach et al.
2008 (search for elongated potential in 19 THINGS galax-
ies). Kinematic studies assuming flat disks and models of
particular streaming motions were conducted by Wong, Blitz
& Bosma 2004 (search for radial inflow based on CO and HI
observations of seven spiral galaxies), Spekkens & Sellwood
2007 (bar-like streaming motions in NGC 2976 based on Hα
and CO observations; development of the velfit-code1) and
Sellwood & Sanchez 2010 (improvement and extension of
the previous study to five other galaxies based on Hα and
HI measurements). Spekkens and collaborators later devel-
oped DiskFit (Sellwood & Spekkens 2015)2, an improved
version of velfit which is not strictly limited to constant
inclination and can also operate on photometric data. Kuzio
de Naray et al. (2012) applied DiskFit to Hα, CO and H i
kinematic data of NGC 6503.
Models with constant inclination are not suitable for
studies including the regime beyond the star forming disk,
where the H i disks often show variable inclination. Further-
more, high-order Fourier decompositions would require the
disk geometry to be determined in a separate, prior step by
a low-order tilted ring fit. In this study, we develop a fitting
scheme that circumvents the complications associated with
this two-step approach and at the same time can be applied
to disks with (moderately) varying inclinations.
Our study is organised as follows. In Section 2 we de-
scribe the THINGS data set. In Section 3 we outline our
new method, discuss its stability properties, and compare
to previous approaches. In Section 4 we apply our method
to mock data, investigate its stability properties, and dis-
cuss its limitations. We apply the method to a sample of 10
galaxies from the THINGS survey and present our results in
Section 5. Finally, we summarise and conclude in Section 6.
2 DATA
The main observational basis of this study are high spatial
resolution observations of atomic hydrogen for a large set
of nearby galaxies. These are taken from The HI Nearby
1 http://www.physics.rutgers.edu/∼spekkens/velfit/
2 http://www.physics.rutgers.edu/∼spekkens/diskfit/
Galaxy Survey (THINGS, Walter et al. 2008 3). It is a large
survey of 34 nearby galaxies in the 21 cm line of neutral
hydrogen and was conducted at the NRAO Very Large Array
(VLA). The survey provides a high spatial resolution of 6”
to 12” and a channel width of 5 km s−1.
Not all galaxies targeted within the THINGS survey are
suitable for our analysis. Objects have to be well resolved
(large angular size), have intermediate inclinations (above
30◦ to 40◦) and show a relatively regular velocity field. We
applied our method to all promising candidates and in the
end, our analysis yielded useful results for 10 galaxies which
are listed in Table 1.
Our targets have distances between 3 and 15 Mpc which
results in a physical resolutions between 100 and 500 pc. The
survey provides a detailed census of the H i distribution in a
large number of nearby galaxies at high angular resolution
as is thus well suited for kinematic studies.
For this work we use various data products provided
by the survey. The intensity (zeroth moment) maps reflects
the total H i column density and the first moment map the
H i velocity field. Data cubes and moment maps are avail-
able in two version. They differ in the weighting scheme
applied to the interferomeric data from individual antenna
pairs during image reconstruction. The robust scheme is
optimised for maximising resolution and contrast by giving
long baselines a higher impact. We choose the data products
assuming natural weighting. This scheme is more suitable
for us since since it provides better signal-to-noise and bet-
ter recovers diffuse emission. A detailed description of the
survey and the data processing can be found in Walter et
al. (2008).
Additionally, we also use velocity maps derived by fit-
ting Hermite functions directly to spectra in THINGS data
cubes. They should better reflect the bulk motion of the gas
but require data with slightly higher signal-to-noise ratio
compared to first moment maps.
There is always the possibility that interferometric ob-
servations miss flux at large spatial scales due to incomplete
uv-coverage. To minimise this issue, THINGS includes ob-
servations in the compact VLA-D configuration. For verifica-
tion, we compare the THINGS intensity maps to single dish
observations from the Effelsberg-Bonn HI Survey (EBHIS)
(Kerp et al. 2011) and find no significant discrepancy in total
fluxes for the regions of the disks we model in this study. A
more detailed analysis by Daniel Lenz (AIfA Bonn, private
communication) came to the similar conclusion that usually
no more than 10% flux is missing in the THINGS maps,
at least as long as the galaxy fits within the VLA primary
beam.
Optical observations are used to find the nearside of
our target galaxies which, in combination with the velocity
information, allows us to uniquely determine the direction
of rotation and to break the degeneracy between inflow and
outflow. The optical images are taken from the NASA/IPAC
Extragalactic Database4. To compare our inflow results to
the average recent star formation rate, we use GALEX far
3 The HI Nearby Galaxy Survey:
http://www.mpia-hd.mpg.de/THINGS
4 http://ned.ipac.caltech.edu
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Table 1. Properties of galaxies analysed
Name Type Ra Dec Distance r25 r25 MHI SFR ΓHI(r > r25)
◦ ◦ Mpc ′ kpc 108 M M yr−1 M yr−1
NGC 2403 SBcd 114.2129 65.6008 3.2 7.92 7.38 25.8 0.38 −1.20 ± 0.1
NGC 2841 Sb 140.5108 50.9764 14.1 3.46 14.19 85.8 0.74 0.36 ± 0.5
NGC 2903 SBbc 143.0421 21.5011 8.9 5.87 15.21 43.5 0.44 −0.54 ± 0.1
NGC 3198 SBc 154.9792 45.5497 13.8 3.23 12.96 101.7 0.93 −1.02 ± 0.1
NGC 3521 SBbc 166.4525 −0.0358 10.7 4.16 12.94 80.2 2.10 −0.91 ± 0.8
NGC 3621 Sd 169.5688 −32.8142 6.6 4.89 9.38 70.7 2.09 0.59 ± 0.9
NGC 5055 Sbc 198.9550 42.0292 10.1 5.87 17.26 91.0 2.12 1.35 ± 0.5
NGC 6946 SBcd 308.7175 60.1539 5.9 5.74 9.85 41.5 3.24 −13.12 ± 2.0
NGC 7331 SAb 339.2671 34.4158 14.7 4.56 19.50 91.3 2.99 −1.03 ± 0.7
NGC 0925 SBd 36.8187 33.5789 9.2 5.36 14.34 45.8 0.56 2.47 ± 0.5
Coordinates, types, distances, r25 (the radius where the galaxy B-band surface brightness drops below
25 mag arcsec−2) and H i masses as measured by THINGS are from Walter et al. 2008, SFR are from Leroy
et al. 2008, except for NGC 2903 (Popping et al. 2010) and NGC 3621 (Walter et al. 2008). The last column
gives our measurement of the average radial mass flow rate outside of r25. Negative values denote inflow,
positive outflow. The given uncertainties are the average errors of the radial H i mass flow outside of r25.
UV (FUV) images. We use the final data products available
from the GALEX archive5.
3 THEORY AND METHOD
In the following Sections 3.1 and 3.2 we introduce basic the-
oretical concepts regarding modelling 2D velocity fields of
disk galaxies and describe the different fitting procedures
we evaluated. Sections 3.3 and 3.4 compare sequential ver-
sus simultaneous fitting approaches and their impact on de-
rived quantities. The optimum procedure we finally adopted
is described in Section 3.5
3.1 Tilted ring analysis
The quantity accessible to observation is the line-of-sight ve-
locity (Vlos). To infer the rotational and radial velocities of
the gas in the disk from spatially resolved measurements of
Vlos, one has to utilise a specific model that can be fitted to
the data. The straightforward approach is to assume a veloc-
ity field which is symmetric with respect to the disk centre
and projected under some viewing geometry. The measured
Vlos then has the form:
Vlos = Vsys + Vrot sin(i) cos(θ) + Vrad sin(i) sin(θ) (1)
Here Vsys denotes the systemic velocity of the galaxy
with respect to the observer. Vrot is the rotation velocity
and Vrad is a velocity component in radial direction in the
plane of the disk. The other variables are the inclination i of
the disk and the azimuthal angle θ which together with the
radius R forms a polar coordinate frame within the plane
of the galaxy. The disk is assumed to be thin and no mo-
tions perpendicular to the plane of the galaxy are taken into
consideration.
All quantities mentioned above can in general be treated
as functions of the radius R. In the analysis, the disk is ba-
sically sliced in circular annuli and the above decomposition
of Vlos done for each ring individually which leads to the
term ”tilted ring” analysis.
5 http://galex.stsci.edu/
The line-of-sight velocity is a function of the sky coor-
dinates while the terms on the right hand side of Equation 1
are functions of the coordinates within the plane of the disk.
Therefore, one needs a coordinate transformation between
sky coordinates (X, Y ) and the disk coordinates (R, θ).
To do this transformation, the geometry of the disk has to
be known. It can be described by the centre coordinates
(XC, YC), the inclination (i) and the position angle of the
apparent major axis of the disk (PA) as measured in the
plane of the sky. One representation of the transformation
equations is the following:
cos(θ) =
−(X −XC) sin(PA) + (Y − YC) cos(PA)
R
, (2)
sin(θ) =
−(X −XC) cos(PA)− (Y − YC) sin(PA)
R cos(i)
. (3)
This transformation is not straightforward to solve for
R and θ since the parameters XC, YC, PA and i implic-
itly depend on R, if one describes the disk as sequence of
independent rings with possibly different inclinations, posi-
tion angles, and centre coordinates. In this case, the global
transformation from sky coordinates to disk coordinates is in
general neither unique nor continuous. This is, because the
rings can overlap or gaps between them can appear. The
only reason this transformation can be used in practice is,
because i and PA usually vary smooth and slowly. Or to be
more specific, the analysis has to be restricted to galaxies
where this condition is fulfilled.
An illustration of the analysis is given in Figure 1. It
shows the observed H i velocity of NGC 5055 as a ”spider”
diagram, where the lines denote regions of constant line-of-
sight velocity, and in colours it indicates the corresponding
tilted ring fits. It is clearly noticeable that NGC 5055 has a
warped disk, but we also see how the tilted ring fit adapts
to the varying disk geometry and follows the changing incli-
nation and position angle.
Usually, not all parameters are kept free in a fit. In
some schemes like the one implemented in velfit (Spekkens
& Sellwood 2007) it is assumed that the disk is flat, and
therefore all radii have the same inclination and position
angle. In such cases, i and PA are determined once for the
c© 2015 RAS, MNRAS 000, 1–25
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Figure 1. Top and centre: Zeroth and first moment maps of
NGC 5055. For the other galaxies, similar images can be found
on the THINGS website: http://www.mpia-hd.mpg.de/THINGS
Bottom: Illustration of a tilted ring fit to the velocity field of
NGC 5055. For better visualisation only every second ring is
shown. The colour scale represents the line-of-sight velocity and
overplotted are the THINGS first moment map velocity contours
in steps of 25 km s−1.
whole galaxy and then kept fixed for each radius. Because
we include the outer parts of the disks in our analysis which
are often warped to some degree, we allow PA and i to vary
independently for each ring. Only considering average values
of i and PA would not represent the actual geometry of the
disk to the necessary precision.
However, leaving all fit parameters (PA, i, XC, YC, Vrot,
...) completely unconstrained often leads to unstable fit re-
sults. We therefore choose to keep the ring centres fixed, as-
suming that all parts of the galaxy rotate around a common
centre-of-mass. This is a good approximation for galaxies
that are not subject to strong external perturbations, such
as exerted by a massive satellite galaxy. We determine the
galaxy centre from the inner, mostly flat part of the disk
and enforce this centre coordinates for all rings.
3.2 Fourier decomposition
By including the Vrad term, the tilted ring fit as described
above, already includes non-circular motions. Also all pa-
rameters especially inclination and position angle can be
allowed to vary from ring to ring and therefore with radius.
However, the velocity field of each ring is still restricted to
rotational symmetry around the ring centre. One can gen-
eralise the model by allowing Vrot and Vrad to vary with
respect to the azimuthal angle θ. Again, it is not possible
to allow arbitrary functions here, since not enough observ-
ables are available to determine them. The usual approach
is to expand the azimuthal dependence of Vrot and Vrad in a
Fourier series and include terms up to a certain order:
Vrad(R, θ) = B0 +
∑
k>0
Ak sin(kθ) +Bk cos(kθ) , (4)
Vrot(R, θ) = D0 +
∑
k>0
Ck sin(kθ) +Dk cos(kθ) . (5)
The line-of-sight velocity has to be expanded in the same
way, and for notational convenience a factor sin(i) is already
pulled out of all Fourier parameters:
Vlos(R, θ) = Vsys + sin(i)
[
c0 +
∑
k>0
sk sin(kθ) + ck cos(kθ)
]
.
(6)
We denote Fourier parameters corresponding to the veloci-
ties in the disk frame by capital letters, while the ones re-
ferring to the line-of-sight velocity are lower case.
By inserting equations 4 and 5 in Equation 1 and com-
paring with Equation 6, one can find relations between
the Fourier coefficients of the line-of-sight velocity and the
Fourier parameters of the velocities in the disk frame:
Vlos = Vsys +
1
2
sin(i)
[
(D1 +A1)
+ (2B0 + C2 −B2) sin(θ)
+ (2D0 +D2 +A2) cos(θ)
+
∑
k>1
(Ck−1 + Ck+1 +Bk−1 +Bk+1) sin(kθ)
+
∑
k>1
(Dk−1 +Dk+1 −Ak−1 +Ak+1) cos(kθ)
]
.
(7)
One finds that a radial or rotational velocity component of
c© 2015 RAS, MNRAS 000, 1–25
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order k contributes to order k − 1 and k + 1 to the line-
of-sight velocity. Also, there are roughly two times as many
Fourier coefficients in the disk frame (Ak, Bk, Ck, Dk) than
are accessible by observations (sk, ck). This makes a unique
reconstruction of the actual velocities impossible.
We therefore restrict our analysis to second order in
Vlos, corresponding to first order in Vrot and Vrad. This sim-
plifies Equation 7 to:
Vlos = Vsys +
1
2
sin(i)
[
(D1 +A1)
+ (2B0) sin(θ) + (2D0) cos(θ)
+ (C1 +B1) sin(2θ) + (D1 −A1) cos(2θ)
]
.
(8)
In this simplified model it is easier to solve for the Fourier
coefficients of Vrot and Vrad. The comparison to Equation 6
shows that the Vlos parameter c1 directly represents the ro-
tation curve and the s1 parameter corresponds to the 0th or-
der radial velocity, sometimes also denoted as Vrad,0. There
are only two remaining degeneracies. In principle the 0th
order term c0 =
1
2
(D1 + A1) is degenerate with the sys-
temic velocity. However, this is not a significant concern,
because the systemic velocity should be the same for all
rings and therefore needs to be determined only once. This
can, for example, be done by directly using the velocity of
the galaxy centre. A degeneracy that cannot be solved con-
cerns s2 =
1
2
(C1 + B1), because C1 and B1 only appear in
this term. To make progress, we adopt C1 = B1. That is, we
assume that both terms contribute equally.
Within a single ring, all parameters are modelled with-
out any radial dependence and therefore with constant ro-
tation velocity. This prohibits a perfect fit to the data in the
inner part of a galaxy with roughly linearly rising rotation
curve. Because the focus of this study are not the galactic
centres, and because spiral galaxies show a mostly flat rota-
tion curve over most of their outer disk, this is not a concern
for this study.
Solid-body rotation produces another problem. It leads
to parallel iso-velocity contours in the observed velocity
field and makes it impossible to disentangle Vrot and sin(i).
Therefore our analysis cannot be applied to dwarf galaxies
which usually have linearly rising rotation curves over most
of their H i disk. The same effect causes problems in the in-
ner parts of spiral galaxies. Since these parts are not the
focus of our study we disregard this regime when applying
our analysis and interpreting our results.
3.3 Two-step fit
The Fourier components themselves form an orthogonal base
and therefore can be fitted independent of each other. How-
ever, at least the components of odd order couple to inclina-
tion and position angle. It is therefore not obvious that one
can first determine the ring geometry with a tilted ring fit
of low order, and then in a second step, apply a higher order
Fourier decomposition using the previously determined ring
geometry.
Because this is an often-used procedure, implemented
e.g. by the reswri tasks (which uses ROTCUR as the first step)
within the GIPSY6 package, we decided to test the applicabil-
ity of this approach. We follow a two-step procedure: First, a
tilted ring analysis of first order is performed, where we allow
inclination and position angle to vary fully independently for
each ring. In a second step, a Fourier decomposition of the
velocity field is calculated, in which inclination and position
angle are fixed to the values determined in the tilted ring fit.
We compare two slightly different methods. In the first one,
the initial tilted ring fit already includes radial motions in
the form of the Vrad term in Equation 4. In the second one,
it is restricted to a purely rotational velocity field. The lat-
ter is similar to the one used by Schoenmakers et al. (1997)
and Trachternach et al. (2008). Technically, they performed
the Fourier decomposition not on the full velocity field, but
instead on the residuals of the tilted ring fit. Nonetheless, in
this approach it means the ring geometry is derived from a
purely rotational tilted ring fit.
The results of our comparison of the two schemes ap-
plied to the NGC 2403 data are presented in Figure 2. The
derived rotation curves turn out to be nearly identical and
also the inclinations are very similar. The measured position
angle is systematically higher in the case where no radial mo-
tions are permitted in the tilted ring fit. The deviation in
position angle of 6◦ appears small and may be dismissed as
not significant at first glance, however, it causes the mea-
sured s1 component in the Fourier decomposition to change
substantially. If the ring geometry is determined without
taking radial motions into account, the subsequent Fourier
analysis is not able to recover any significant radial veloc-
ities in the second step of the analysis. The s1 component
varies between 0 and −2.5 km s−1, which can be taken as a
null result. This is in general agreement with the results of
Schoenmakers et al. (1997) and Trachternach et al. (2008),
who also find little evidence for radial gas motions.
If in turn radial motions are already allowed in the tilted
ring fit, the conclusions change and we find clear signs of ra-
dial inflow. The s1 component is always well below zero and
shows a large feature between radii of 350” and 900” with a
maximum inflow velocity of 15 km s−1. In this scheme, the
radial motions are already part of the tilted ring fit, which
itself does not depend on any a-priori assumptions except
the centre position. We conclude that taking the radial ve-
locity term into account in the first analysis step makes this
approach more general and allows us to recover a radial ve-
locity flow if it is present in the data.
To better quantify the differences between the two ap-
proaches, we create a synthetic velocity field, similar to the
one derived from the NGC 2403 data. We choose the disk to
be flat with a constant position angle of 122◦ and an incli-
nation of 60◦. For the rotation velocity, we adopt a rotation
curve of Brandt-type (Brandt 1960) in the rising part and
a constant velocity of 135 km s−1 outside of 500”. To this
ideal disk we add an inflow component starting at a radius
of 350” and linearly increasing to 15 km s−1 at 450”. It then
declines again linearly and returns back to zero at 950”. The
exact shape of the rotation curve is not crucial, since the in-
flow we try to recover happens only in the flat part of the
rotation curve.
6 Groningen Image Processing System:
http://www.atnf.csiro.au/computing/software/gipsy/index.html
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Analysis without radial motions in tilted ring fit
Figure 2. Comparison of results obtained by two-step fits to the observed velocity field of NGC 2403, where first the ring geometry is
determined in a tilted ring fit and subsequently a Fourier decomposition is performed. Including a radial velocity term already in the
tilted ring stage leads to the plots on the left, omitting such a term leads to the plots on the right. The determined rotation curves and
inclinations are similar but the position angle deviates by up to six degrees since in the second fit the geometry is optimised according
to a model without radial motions. One sees that the position angle adjusts to compensate for radial inflow and thus the following
Fourier decomposition is unable to recover a significant radial flow (red line in bottom right panel). If i, PA, Vrot and Vrad are fitted
simultaneous during the tilted ring fit as in the left panels clear signs for radial motions are obvious (left bottom panel). Uncertainties
are approximately ±1 km s−1 for s1 like in Figure 8
We then fit this velocity field in the same way we treated
the NGC 2403 data. We first apply a scheme that includes
a radial component already in the tilted ring analysis, and
then use the method that does not take it into account. Noise
is not added to the mock data since our focus is solely on the
systematics of both methods. In addition, simple Gaussian
noise would largely average out due to the huge number of
data points in the mock velocity map. The results are shown
in Figure 3.
The analysis with inflow in the tilted ring stage per-
fectly recovers all parameters. There are only small devi-
ations of the s1 component in the innermost parts of the
disk and some finite-resolution effects. The solid curves rep-
resenting the fit are indistinguishable from the dashed lines
representing the input of the mock velocity field and most
importantly, the fit recovers the correct inflow pattern.
In contrast to this, the analysis method that does not
include radial motions in the tilted ring fit is not able to
properly recover the radial flow. It shows some signal in the
s1 component, but the maximum amplitude of ≈ 3 km s−1
is only a small fraction of the correct value. One can see
that the position angle determined in the tilted ring anal-
ysis yields an incorrect value to compensate for the inflow.
The deviation is roughly proportional to the radial veloc-
ity and peaks at a mismatch value of about 6◦. The overall
picture is similar to the deviation between the two methods
seen for the NGC 2403 data. Since the radial velocity com-
ponent is already compensated for by the disk geometry in
the tilted ring stage, the subsequent Fourier decomposition
cannot recover more than a small residual s1 component,
and thus disguises potential signatures of substantial radial
gas motions.
3.4 Simultaneous fit
As demonstrated above, it is necessary to include the radial
velocity component already in determining the ring geom-
etry. The next question is, what happens to the second or
higher orders in the Fourier decomposition. From our ex-
perience with fits to mock velocity fields, we come to the
conclusion that the second order terms do not couple to i
and PA in a significant way. It should therefore be no prob-
lem to fit them in a subsequent step, once the ring geometry
was determined in a tilted ring fit. However, since they are
orthogonal not only to the first order terms, but also to i
and PA, it is also only a minor additional complication to
fit them all simultaneous. To avoid any issues from carrying
out a fit in two distinct steps, we investigate a fitting scheme
where we fit inclination, position angle and all velocity com-
ponents up to second order at the same time. Compared to
the two-step approach including radial motions in the tilted
ring analysis, the simultaneous fit yields nearly identical re-
sults. It is equally reliable and stable.
Before outlining the details of the simultaneous fitting
c© 2015 RAS, MNRAS 000, 1–25
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Analysis without radial motions in tilted ring fit
Figure 3. The two different two-step fitting procedures (with and without a radial velocity term in the tilted ring fit) applied to a
synthetic velocity map that roughly resembles the one for NGC 2403. In each plot the input values used to create the artificial data are
shown as thin dashed lines. The plots on the left hand side show the results derived by the fitting scheme which includes radial motions
already in the tilted ring fit. The input values are exactly recovered, i.e.for i, PA and Vrot input values and fit results are indistinguishable.
For the s1 component the plot shows minor deviations. The results of the scheme in which the ring geometry is determined without
taking radial motions into account are shown on the right side. During the initial tilted ring fit the position angle is fitted to a value
that compensates for the radial motion (upper right panel). In the subsequent Fourier decomposition only a small fraction of the actual
radial velocity signal is recovered. The Fourier decomposition is not able to find the correct inflow because it is restricted to the wrong
ring geometry.
approach that we apply to the THINGS data in Section 3.5,
we comment on the prospects of including terms that are
higher than second order in the Fourier decomposition. We
find that this is a difficult exercise. For example, the c3 com-
ponent is highly degenerate with the inclination. This makes
a simultaneous fit of c3 and i impossible. One cannot com-
pare the results of a two-step approach to a simultaneous fit
of third order. A third order Fourier decomposition based
on a disk geometry determined in a first or second order
analysis cannot yield the correct value for the c3 term. The
parameter c3 is implicitly assumed to be zero in the first
step, and so the inclination is fitted to a value that compen-
sates for a possible non-zero c3 term. One could in principle
fix c3 and fit everything else up to fourth order, but there
is no justification for assuming the c3 component to van-
ish or to be of any particular form while at the same time
trying to measure the s3 and higher components. Therefore
it seems there is no satisfying way to safely deduce higher
than second order Fourier parameters without the risk of
systematic errors, at least not from the velocity field alone
and in a purely kinematic approach. It is for this reason
that we restrict our analysis to a simultaneous fit of second
order in Vlos. This limits the level of detail we can derive
but on the other hand reduces the necessary assumptions
and related systematics to an absolute minimum while also
making the model as flexible as possible since everything is
fitted simultaneous.
3.5 Fit procedure
The model we finally adopt is a second order Fourier decom-
position of the following form:
Vlos = Vsys + sin(i)
[
c0 +s1 sin(θ) + c1 cos(θ)
+s2 sin(2θ) + c2 cos(2θ)
]
.
(9)
The coordinates of the disk frame (R, θ) are related to the
sky coordinates (X, Y ) by equations 2 and 3. The coordi-
nate transformation itself depends on the galaxy centre, the
inclination and the position angle. We fit all five Fourier pa-
rameters (c0, s1, c1, s2, c2) as well as i and PA for each ring
simultaneously. The centre coordinates (XC , YC) and the
systemic velocity have to be determined in advance and are
kept fixed for all rings. We do that by fitting a simple tilted
ring model in which Vsys and the centre coordinates are free
to vary to the innermost area of the velocity field. In this
part of the disk, the fit is stable even without assuming a
fixed centre. We then take the average values of the ring fits.
The choice of Vsys only influences the c0 component in the
Fourier decomposition. All other parameters are unaffected
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by that and an incorrectly chosen Vsys remains transparent
throughout the analysis.
The ring widths are chosen for each galaxy individually
to get the best compromise between good sampling and fit
stability. Typical widths are between 24” and 48” which is
always larger than the THINGS synthesised beam width of
≈ 11” (Walter et al. 2008). In the common case of warped
disks, gaps naturally appear between rings and the obser-
vational data within the gaps of our tilted ring model are
unused. To alleviate this effect to some degree and to make
maximal use of all available data, we choose the separation
of adjacent rings to be 37% smaller than the width of the
rings. This closes most of the gaps in the model but also
leads to some overlap of rings. The exact amount of overlap
depends on the fitted ring geometry. Since each ring is fitted
individually and independently of all other rings, the overlap
has no influence on the fit result. The only consequence is
that neighbouring rings are statistically slightly correlated
(however, omitting every second ring in our analysis and the
following figures leads to a statistically independent sample).
We start the fit procedure with the central ring. After
the fit for this ring has converged, the fit results are taken
as initial values for the second ring. This procedure of out-
ward forwarded initial values is used for all succeeding rings.
We only have to manually set the initial values for the cen-
tral ring to reasonable starting values. Their exact choice
has negligible impact on the overall result. In general, the
question of whether the fit for a particular ring converges or
not depends more strongly on the quality of the data and
on possible irregularities in the velocity field than on the
given initial conditions. For good quality data, the fit con-
verges to the right value even if extremely poor guesses for
the initial conditions are made. For disturbed disks, low in-
clinations, and especially velocity fields with linearly rising
rotation curves, the rings have the tendency to flip to a very
high inclination. This often happens in the innermost parts
of the galaxies, and is likely caused by solid body rotation
and bars. If this affects only the few innermost rings, we can
simply ignore them and use the well fitted outer part, since
this is where our scientific interest is focused on.
Linearly rising rotation curves make it impossible to dis-
entangle i and Vrot. It can especially in the centre of galaxies
happen that the fit converges to obviously incorrect values
(i very close to 90). If this affects only a few rings in the
galaxy centre while the other rings are fine, we discard the
obviously wrong ones and keep the rest.
After the ring fit is completed, we calculate the Vrad
and Vrot parameters according to Equation 8. As mentioned
before, the degeneracy between B1 and C1 cannot be broken
and we assume C1 = B1.
The final step is to convert velocities to mass flow
rates. From the derived Fourier parameters, we construct
a two-dimensional synthetic radial velocity field by taking
only Fourier components of radial direction into account.
To convert the THINGS H i integrated line intensity (ze-
roth moment) maps to column densities and finally to H i
mass surface density, we adopt the method and distances
given in Walter et al. (2008) and assume the H i gas to
be optically thin. The THINGS first-moment maps rep-
resent an intensity-weighted and therefore approximately
mass-weighted mean velocity at each position (R,φ). As out-
lined above, we decompose these velocities into a rotational,
Vrot(R,φ), and radial, Vrad(R,φ), component. In order to
compute a 2D distribution of the radial mass flow rate, we
simply need to multiply Vrad(R,φ)×ΣHI(R,φ) for each posi-
tion. To obtain the net flow rate at each radius, we integrate
over the azimuthal angle φ:
Γrad(R) =
∫ 2pi
0
Vrad(R,φ) ΣHI(R,φ) R dφ . (10)
Here, Γrad(R) denotes the radial mass flow rate and ΣHI
the H i mass surface density. We note that radial velocities
can be directed inward or outward so that Γrad(R) represents
a net flow rate. We also note that in practice we calculate
Γrad(R) in radial bins of finite width ∆R = 24− 48′′ (com-
pare description earlier in this section). We interpret these
radial H i net mass flow rate profiles and compare them to
SFR profiles of our galaxy sample in Section 3.7.
3.6 Error estimation
For the fit procedure described in Section 3.5 we use a stan-
dard χ2-optimiser, which also gives formal statistical uncer-
tainties. However, in order to obtain more realistic uncer-
tainty estimates, we carry out additional Monte-Carlo mod-
elling. That is, we add random noise with specific charac-
teristics to our data and measure how this influences the
results. We repeat this 100 times to build up a statistically
significant sample.
We point out that adding purely Gaussian noise would
not serve our purpose, because it would average out due to
the large number of data points in the H i maps. We are
more concerned about potential systematic patterns in the
velocity field that we cannot account for in our fitting rou-
tine. Sellwood & Sanchez (2010) advertise a concept that
uses the residuals of the fit as a noise source. The idea is
that every residual structure not included in the model is in
fact noise to the fit, and the residuals can be used as a prior
to create a noise field with statistical characteristics that
are well matched to the data. The authors randomise and
rescramble the two-dimensional map of the residual by rotat-
ing and shifting chunks of it in radius by random amounts.
This creates a statistical noise field, but it also preserves any
structures and coherence on small scales.
We follow the same approach, but we modify the re-
scrambling procedure since in our model inclination and po-
sition angle are allowed to vary throughout the disk. We
therefore do not deal with one continuous velocity field but
instead with an ensemble of tilted rings that can in general
have gaps and overlapping regions. We therefore apply this
procedure to each ring individually. The exact procedure we
use is the following: After the fit, we calculate for each ring
the residual after subtracting the fit from the data. Each
residual is deprojected according to the ring geometry de-
termined in the fit, and it is rotated around the ring centre
by an individual angle, randomly chosen between −pi and
pi. It is then reprojected using the same geometry. An ar-
tificial noise map is created by combining all rings, which
is then added to the observed velocity field. The perturbed
data cube is then fitted again. The resulting residuals are
rescrambled in the same way and added to the original data
to be used in the next iteration. We repeat this procedure
100 times, and so obtain an ensemble of 100 values for our
fit parameters. From this, we compute mean and standard
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deviation which we take as our final results. We investigated
the number of iterations necessary for convergence by run-
ning up to 2500 iterations and found that 100 is sufficient.
3.7 Comparing radial H i mass fluxes to star
formation rates
The processes that transport gas within a galaxy and trans-
form it into stars are complex. In order to compare our H i
radial flux measurements to the SFR profiles, we present
a simplified model that is solely based on mass continuity
arguments:
d
dt
∫
A
ΣHI dA = −
∮
δA
~FHI ~dl . (11)
ΣHI is the H i column density or equivalent the H i mass
surface density and ~FHI the H i mass flux density. We as-
sume the disk to be thin and therefore only deal with a two-
dimensional problem. If we include the star formation rate
surface density ΣSFR as a sink term on the left hand side,
focus only on the radial mass flux and use Gauss’s theorem
to express everything in local quantities, we find:
d
dt
ΣHI − ΣSFR = − d
dr
Frad . (12)
For this study we only deal with azimuthally averaged quan-
tities. This justifies ignoring rotational streaming in the pre-
vious step and leads to the following relation:∫ 2pi
0
(
d
dt
ΣHI − ΣSFR
)
r dφ = − d
dr
∫ 2pi
0
Frad r dφ . (13)
The quantity Γrad =
∫ 2pi
0
Frad r dφ is our measured radial
mass flux profile.
We note that we do not take into account the contribu-
tion from helium when we quote H i masses or surface den-
sities (a factor of 1.36). For an appropriate description, one
probably also has to add additional sink and source terms
to the left-hand side. These could for example reflect stellar
winds and outflows, galactic fountains or gas that condenses
from the hot halo gas or circumgalactic medium and settles
to the disk. These processes are in general difficult to model
and beyond the scope of this toy model. However, if we mea-
sure a violation of Equation 13, we have an indication that
some of these processes may be present.
If one assumes the special case that star formation and
other sink and source terms vanish and observes the radial
mass flux to be constant (but not necessarily zero) over some
radial range, then the H i column density should not change
with time and the galaxy would be in a (quasi) stationary
state. On the other hand, if d
dr
Γrad is negative, gas should
pile-up.
If we assume our galaxies to be in such a stationary
state and therefore d
dt
ΣHI = 0, the mass flux at a given
radius equals the total star formation within this radius:∫ R
0
∫ 2pi
0
ΣSFR(r, φ) r dφ dr = −
∫ 2pi
0
Frad(R,φ) r dφ . (14)
This is a relation we can test by comparing our radial mass
flux measurement to cumulative star formation rate pro-
files, which we derive from GALEX FUV data. For this we
closely follow the procedure described in Bigiel et al. (2010a)
and use the conversion factor from Salim et al. (2007). We
take the ring geometry from our kinematic analysis and for
each ring compute the total SFR from the galaxy centre out
to this radius. We correct for Galactic extinction accord-
ing to Schlafly & Finkbeiner (2011) and blank bright stars
but neglect extinction within the target galaxies. A detailed
comparison of the various SFR calibrations using different
tracers (e.g., Hα, UV or IR emission) is beyond the scope of
this study. To be consistent with accurate, published galaxy
integrated SFRs, we scale our cumulative SFR profiles to
match the literature values (Table 1) at large radii, which is
equivalent to assuming a constant intrinsic extinction. We
note that this approximation is sufficient for the purposes
of this study and any more accurate treatment of internal
extinction at small radii does not affect our conclusions.
As we show in Section 5, the naive assumption of vanish-
ing time dependence and absence of other processes is rarely
appropriate, but the deviations from this simplified model
might give insights on the magnitude of other processes.
4 VERIFICATION OF THE METHOD
As we show in Section 3.3, the overall fitting scheme can be
in general quite sensitive to prior assumptions. We therefore
conduct a suite of tests in order to assess the correctness
of our results and to determine the potential limitations of
our approach. We focus mostly on the analysis of synthetic
velocity fields and on testing under which conditions the
input values can be recovered correctly. But we also inves-
tigate the dependence of our results on the type of velocity
maps (such as intensity-weighted first-moment or Hermite)
that are used.
4.1 Limits of the method
In Figure 3 we demonstrate that a two-step fit with radial
components at the tilted ring stage is perfectly able to re-
cover radial motions from a synthetic velocity field, at least
if the disk is flat. This is also true for the second order simul-
taneous fit scheme introduced in Section 3.5 which is used
for the rest of the paper. However, galactic disks are not
flat, but instead they exhibit warps and changes of position
angle. Both constitute a great challenge for any tilted ring
like analysis, because the deprojection of the velocity field
is no longer continuous and unique.
In Figure 4 we show an example of a fit to a synthetic
velocity field with mild warps and position angle changes.
We start again with a flat disk with a Brandt-type rotation
curve. It is then modified by a decrease in inclination i by
15◦ over 300” in radius, a change of position angle PA by 30◦
over 300”, and a decrease of rotation velocity of 10 km s−1
per 100” starting at 350”. In addition, a pattern of in- and
outflows of different magnitude up to 10 km s−1 is added. All
these single effects cover different radial ranges. Therefore,
a variety of combinations of effects is simulated at the same
time. Again, since we are interested in systematic effects, no
noise is added to the artificial velocity field.
The plots in Figure 4 show that our method can fully re-
cover the parameters of the input velocity field to a very high
accuracy. Problems only occur, as expected, at very small
radii. In addition, a slight tendency for deviations exists at
points where the slope of parameters abruptly changes. But
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Figure 4. Our method applied to a synthetic velocity field. Even
if geometry and velocity parameters of the mock data deviate in
different patterns and at different, overlapping radial ranges from
a flat disk, the analysis is able to recover all of these features with
high precision.
overall, the result is highly satisfactory. So, our method is
valid at least for mildly disturbed disks.
In the following we will address how our fitting pro-
cedure reacts to stronger warps. Generally, a decrease of
inclination with radius will not be a problem, but a strong
increase will be:
Taking two annuli with radii R1, R2, R1 < R2 and in-
clination angles i1, i2, i1 < i2, their apparent semiminor
axes have the projected length R× cos(i). If R1 × cos(i1) =
R2 × cos(i2), the two annuli completely overlap on the mi-
nor axis and our assumption of a thin disk with unique line-
of-sight velocities is no longer valid. This condition can be
converted to an expression for the maximum inclination in-
crease that does not lead to a pile-up of rings on the minor
axis:(
∆i
∆R
)
crit
=
1
R tan i
. (15)
Here, ∆R denotes the increase in radius from one ring to
the next and ∆i the increase in inclination between the two
rings, i and R are inclination and radius of the inner of the
two rings.
While limited overlap of adjacent rings is in practice un-
critical (and even enforced by the rings chosen 60% wider),
an inclination increase exceeding the critical rate will make
even non-adjacent rings overlap. The apparent minor axis of
the rings shrinks with increasing radius. In such conditions,
the tilted ring approach breaks down.
Similar overlapping effect can also appear for changes
of the position angle. Since the geometry of position an-
gle changes is more complex, we do not derive an analytic
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Figure 5. Fit to a velocity field that shows much stronger changes
in position angle and inclination than the one used in Figure 4.
Obviously, the analysis is not capable anymore to fit these data
correctly. The steep increase of i with nearly twice the critical rate
derived in Equation 15 causes a mismatch of all parameters. The
errors in i, PA and Vrot seem small but they result in a significant
error in the s1 term of up to 7 km s
−1. Also, the change in PA
at R ≈ 200′′ is now too fast to still allow a correct derivation of
the s1 term.
expression for this case. In the end, it would anyway be
necessary to consider the combined effect of inclination and
position angle changes, which complicates things even fur-
ther.
Our experiences with fits to synthetic velocity fields
are in good agreement with the above analytic considera-
tions. In cases where the inclination decreases (e.g. Fig. 4)
or increases with less than the critical rate given in Equa-
tion 15, we see no significant deviations. If the inclination
is increased close to the critical rate, some noticeable devia-
tions appear, but the derived results are still usable with less
than 1.5 km s−1 maximum error for the s1 component (not
shown). However, much larger changes of the inclination an-
gle cause strong artefacts in the fit results. This is illustrated
in Figure 5, where the inclination angle changes with twice
the critical rate. At the warp, the inclination is typically fit-
ted to a too high value. This is because data at larger radii
interfere with those from smaller radii. In addition, also the
position angle and the rotation velocity are fitted to a slight
mismatch. At first glance, these deviations do not appear
severe, however, as discussed earlier, they lead to large de-
viations for the important s1 parameter, with errors of of
5 km s−1 and more over a large range in radius. This is of
the same order of magnitude as potential inflow velocities,
and therefore can render the fit result useless. Interestingly,
no deviation for the radial component is seen if the s1 com-
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Figure 6. A comparison of the radial inflow pattern derived from
a standard THINGS first moment map and from a velocity map
computed by fitting Hermite functions to the H i spectra. The
Hermite map gives slightly different results than the moment
map: From 450” to 550” the inflow rate is higher, from 600” to
800” lower. However, the overall distribution of radial velocities
is quite comparable. We note that the moment map extends to
further radii, which is important for the analysis presented here.
ponent in the synthetic velocity field is set to zero, although
the derived values for i and c1 actually differ from the input.
Also visible in Figure 5 is an artefact in the s1 curve
due to a rapid change of the position angle, which is not
perfectly accounted for. The inclination and rotation curve
stay quite stable with only minor deviations, but the radial
velocity shows incorrect peaks of up to 10 km s−1. The 30◦
change in PA over only 75” in radius is a very fast one. If this
change is stretched over 150” we find only small deviations of
less than 1 km s−1. At a rate of 30◦ over 300” as in Figure 4,
any significant deviations have vanished.
We also investigate the influence of an incorrect deter-
mination of the galaxy centre. Our tests showed that an off-
set of the order of a few arcseconds away from the true centre
is not critical for our analysis. It creates artefacts, but their
amplitude quickly decrease towards larger radii. For exam-
ple, offsets of the order of 5” and 10” are no longer noticeable
outside of 100” and 200”, respectively. We conclude that the
uncertainties involved in determining the galaxy centre are
therefore not an issue within the context of this study.
4.2 Comparison of first moment and Hermite
velocity maps
First moment maps are often employed to derive velocity
maps from data cubes. They are easy to compute and do
not require very high S/N levels. However, if the line profile
is asymmetric or has extended wings, this method does not
properly represent the bulk velocity of the gas. We therefore
also include velocity maps from de Blok et al. (2008) in our
analysis. These are based on fitting Gauss–Hermite func-
tions to the H i spectra of each spatial resolution element.
By modifying the Gauss function by the third order Her-
mite polynomial, the fitting function is capable of adapting
to asymmetric line shapes and in this case better represents
the bulk velocity. A detailed description can be found in van
der Marel & Franx (1993).
We apply our method to the galaxy NGC 2403 and com-
pare the standard moment map provided by THINGS to the
corresponding Hermite map. The result is illustrated in Fig-
ure 6. Both velocity maps do not give exactly the same result
but they are in general agreement. The most obvious differ-
ence lies in the intermediate part of the galaxy. In the mo-
ment map we find a maximum inflow velocity of 15 km s−1 at
450”. The inflow then linearly decreases to 3 km s−1 at 900”.
The Hermite map shows even more inflow at around 500”
followed by a rapid decrease to a roughly constant inflow ve-
locity of 6 km s−1 between 600” and 800”. Beside this, the
results are quite similar and most importantly, both maps
show the same unambiguous signs of large scale inflow.
Unfortunately, fitting Hermite functions to the data
cube requires substantially higher S/N compared to the mo-
ment maps. It can therefore not be applied to the outermost
parts of the H i disk. Based on the results of this compar-
ison we decide to proceed using the moment maps for our
analysis. The derived values for Hermite- and moment maps
approximately agree with each other and the moment maps
extend further out from the galaxy centres which is partic-
ularly important for our aim of detecting large-scale radial
inflow.
5 RESULTS & DISCUSSION
In the following section we present our results. For each
galaxy we present four plots describing the fit parameters
as functions of radius. Radius and velocities are measured
within the galactic plane. For the exact details of the anal-
ysis see Section 3.5. The four plots contain the following
information:
(i) inclination and position angle,
(ii) the Fourier parameters c1 and s1, which directly cor-
respond to the principal components of the rotation and
radial velocity, respectively,
(iii) the Fourier parameters c0, c2 and s2, which give in-
formation about the azimuthal dependence of the velocity
field,
(iv) the calculated radial H i mass flux, not accounting
for helium, H2 or other gas fractions and the cumulative
star formation rate profile giving the total SFR within a
certain radius based on GALEX FUV images and scaled to
the more precise literature values given in Table 1.
The rotation direction of the galaxies is determined
from optical images, especially from the more pronounced
appearance of dark filaments on the nearside of the disk. By
combining this information with the velocity field, one can
distinguish if the galaxy is rotating clockwise or counter-
clockwise, which also determines if potential radial motion
is directed inwards or outwards.
5.1 NGC 2403
In our sample of 10 THINGS galaxies, NGC 2403 turns out
to be the most suitable target for detecting radial mass in-
flow patterns. It has a large apparent size of roughly 16’ x
10’, was observed with good signal-to-noise ratio, and most
c© 2015 RAS, MNRAS 000, 1–25
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NGC 2403
Figure 8. Disk geometry and Fourier parameters for NGC 2403. Horizontal error bars denote the ring width, vertical bars represent the
errors estimated according to the scheme described in Section 3.6. The dotted vertical line indicates the optical radius r25. The galaxy
shows a smooth and unperturbed disk. Position angle and inclination only vary within limited ranges (top left panel). The radial velocity
shows a very distinct signature between 400” and 900” (top right panel, red points) with a peak inflow velocity of 15 km s−1 which
corresponds to am H i mass flow of up to 3 M yr−1 (bottom left panel). The inflow quickly ceases inside of 400” and shows a second
smaller feature at 200”. For very large radii we find inflows of about 0.5 M yr−1. The bottom left panel also gives the cumulative star
formation rate. For NGC 2403 basically all star formation takes place within the central 7 kpc. The bottom right panel displays the
zeroth and second order terms which indicate the deviation from rotational symmetry.
importantly, it has a very flat and smooth H i disk and regu-
lar velocity field. Our fitting results are summarised in Fig-
ure 8.
Position angle PA and inclination i are plotted as func-
tion of radius in the top left part of the Figure. The galaxy
is rotating clockwise, and so the south-western part of the
disk is closer to Earth. The rotational velocity (Fourier com-
ponent c1) is between 120 and 140 km s
−1. As already de-
scribed in Section 3.3, we find clear evidence for radial in-
flows. The derived radial velocity (Fourier component s1) is
always negative with values of at least a few km s−1. The
most significant radial motion is found at radii between 400”
and 900” (top right panel of Figure 8), and the strongest
H i mass flux of 3 M yr−1 is observed at 450” (Figure 8,
bottom left panel). This mass flux linearly declines towards
larger radii.
The quality of the fit we obtain for this galaxy is excel-
lent. All parameters vary smoothly and adjacent rings show
only very limited scatter. The residual deviation between
data and our model (shown in Figure 7) are of the order of
±10 km s−1 and show no distinct pattern which would indi-
cate a mismatch between fit and data. The flocculent spiral
arms of NGC 2403 are just barely visible in the residual map.
The terms c0, c2 and s2, which indicate the deviation from a
rotational symmetric velocity field, are fairly small inwards
of 900” (Figure 8, bottom right part). In the outskirts of
the galaxy, there may be some lopsidedness. One can see
some correlations between the different parameters around
200”. We cannot completely exclude that at this small radii
a possible mismatch in e.g. the inclination induces artefacts
in all parameters but these effects only appear in the inner
part of the galaxy.
The star formation rate given in Leroy et al. (2008) is
0.38 M yr−1. This is of the same order as our minimum H i
inflow rate but nearly an order of magnitude lower than our
maximum inflow rate of 3.5 M yr−1. If we follow our highly
simplified model described in Section 3.7, we would expect
the radial mass inflow rate all radii to equal the star forma-
tion rate within that radius according to Equation 14. The
bottom left panel of Figure 8 shows these two quantities and
it is obvious that at most radii both quantities do not add
up to zero. Also, we would expect the inflow to be mono-
tonic with radius and to be highest at the outer edge of the
H i disk. This is clearly not the case. Not surprisingly, there
are probably additional processes other than inflow and star
formation influencing the H i budget of NGC 2403.
One possible effect could be the ejection of ionised ma-
terial from stellar winds perpendicular to the plane followed
by recondensation and settling of that gas onto the plane
at larger radii. This is often described as the galactic foun-
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might be visible in the inner part.
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Figure 9. Combination of a reconstructed radial velocity field
of NGC 2403 (orange shaded ellipses) and a GALEX FUV map
tracing recent star formation. The yellow, dashed ellipses mark
radii of 200” and 460”, where the maximum inflow velocities are
measured (compare to Figure 8). It can be seen that most of the
UV emission appears in the inner part of the disk, inside the
region of peak inflow. This at least allows the interpretation that
the gas moves inwards where it is transformed into stars.
tain model and could explain the additional mass flows. For
NGC 2403 some indication for this was discovered by Fra-
ternali et al. 2002. By taking position–velocity cuts parallel
to the major and minor axis, they find substantial amounts
of extraplanar H i gas that rotates more slowly than the
disk and is reported to show a net inward motion. The gas
they detect lies roughly in the same radial range (200” to
700”) as the main inflow found in our analysis. However,
our method has only limited sensitivity to extraplanar gas
because its presence will not substantially change the in-
tensity weighted mean used to compute the moment maps.
Another possible way to deviate from our stationary model
is time-variable accretion, for instance if accretion happens
via discrete events (e.g., large gas clouds).
The spatial correlation of inflow pattern and star for-
mation is visualised in Figure 9. It shows a composite of
the GALEX FUV image and the reconstructed radial veloc-
ity field. The inflow has a maximum at 460” and decreases
strongly at smaller radii. As described in Section 3.7, this
should lead to a pile-up of gas or enhanced star formation.
The GALEX image shows clear clustering of star formation
regions in this area. Most of the star formation takes place
inside of 200”, again a region where the magnitude of the
inflow decreases. This spatial correlation may provide sup-
port, at least qualitatively, for a scenario in which H i inflows
are a key parameter regulating star formation in this galaxy.
However, a quantitative comparison shows that the ampli-
tudes of SFR and inflow do not match, which may not be
surprising since a variety of other factors (time evolution,
stellar winds, gas phase changes, etc.) likely play an impor-
tant role as well.
Our observation for NGC 2403 clearly shows a qualita-
tive correlation between star formation and radial H i flows.
This gives support to the picture that star formation may
be regulated by inflows in NGC 2403. Meidt et al. (2013)
analyse gravity-induced torques in the spiral galaxy M51,
how they drive radial gas motions and how these are related
to the local star formation efficiency. They find that radial
motions seem to counteract star formation in this galaxy so
that regions that experience higher torques show increased
gas depletion times. This is the opposite sense of our find-
ing here. M 51 and NGC 2403, however, have quite different
properties and are not immediately comparable. The spiral
arms in NGC 2403 are by far not as pronounced as in M 51
and the gravitational torques and dynamical driven inflows
they might induce should be much lower and probably neg-
ligible. Our residual map (Figure 7) indeed shows no signs of
spiral arm structure. It is therefore not necessarily expected
that the “dynamic pressure” Meidt et al. (2013) describe
suppresses star formation in NGC 2403 as it does in M 51.
Unfortunately, due to its low inclination, we cannot analyse
M 51 with the method presented in this study and directly
compare the results.
5.2 NGC 2841
NGC 2841 has a very extended H i envelope, several times
larger than the stellar disk and rotates counter-clockwise
which means the north-eastern part of the disk is the near
side. Our fits to this galaxy are very stable and show a flat
disk with very smoothly rising inclination and position angle
(Figure 10). The radial velocity (Fourier component s1) is
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NGC 2841
Figure 10. Disk geometry and Fourier parameters for NGC 2841. See caption of Figure 8 for technical details. The galaxy shows a fairly
flat disk with a slight and smooth inclination increase in the inner half of the disk. Significant radial flows are only detected in the outer
part, where gas seems to move away from the centre (red points in top right panel).
close to zero up to a radius of roughly 550”. We find a small
inflow in the range from 350” to 550” which is consistent
with the reported SFR of 0.74 M yr−1 (Leroy et al. 2008).
From our SFR profile we find that most of the star for-
mation is located within 200” while we detect inflow between
300” and 600”.
Outside of 550” the radial velocity rises to 25 km s−1
which corresponds to an H i outflow of 2 M yr−1. The s2
term indicates some lopsidedness of this radial flow.
From the appearance of very pronounced dust lanes in
visual images, it is clear that the galaxy rotates counter-
clockwise and the measured radial flow is indeed directed
outward. From the morphological appearance one could
speculate about tidal or merger effects, however NGC 2841 is
not accompanied by any major galaxy and only surrounded
by several dwarf galaxies (a NED7 search yields only minor
companions with mr > 15 mag within 3
◦ and ±400 km s−1).
It is interesting to compare the H i distribution with
the radial velocity field. A two dimensional representation
of this is given in Figure 11. It shows the radial velocity field
we reconstruct from the determined Fourier parameters as
described in Section 3.5. Overplotted are contours of the
THINGS integrated intensity map.
The H i distribution shows a prominent ring at inter-
mediate radii. If a radial mass flow causes some accumula-
tion of gas we would expect this to happen as described in
Section 3.7 at the location where the slope of Γrad is the
7 http://ned.ipac.caltech.edu
most negative. From Figure 10 we see that this is the case
at around 360”. This radius is marked in Figure 11 with a
purple ellipse which exactly coincides with the H i ring. A
second, but weaker feature like this can be seen at 510”. This
might indicate that our highly simplified model described in
Section 3.7 even without any additional sink or source terms
might actually provide a reasonable description for the mass
flow processes in NGC 2841. Quantitatively, however, a mass
flux with an amplitude of ≈ 1 M yr−1 would have to act
for a long time period to cause an enhancement in the H i
distribution of NGC 2841, which has a total H i mass of
8.6× 109 M.
5.3 NGC 2903
NGC 2903 is rotating counter-clockwise and has complex
kinematics. Visual images and the HERACLES CO-maps
(Leroy et al. 2009) show a very clear bar structure which
does not appear in the integrated H i maps. The bar in con-
junction with the solid body rotation in the inner regions
prevents us from deducing proper fit results for radii smaller
than 100” and also causes a quite complicated structure out-
side of this radius (see Figure 12).
At 200”, our analysis shows a sharp minimum of the in-
clination, followed by a steep increase from 55◦ to 67◦ within
200”. This is close to the fastest inclination change rate we
expect from Equation 15 to still yield reliable fit results. We
take this as an indication that the fit in this region is likely to
be not very reliable. This dip in inclination furthermore co-
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Figure 11. Two-dimensional representation of our derived radial velocity field of NGC 2841. The solid purple ellipse marks a radius
of 360” at which the radial velocity has the strongest negative slope (compare to Figure 10). At this radius we expect according to
Equation 13 an accumulation of gas. The contours represent the H i density distribution which indeed shows a pronounced ring structure
with enhanced gas density exactly at this radius. The dashed ellipse corresponds to 510” where we also find a fairly weak but in the
southern half of the galaxy well visible negative slope in the radial velocity. This is as well spatially coincident with regions of increased
H i density. It is therefore quite possible that radial gas motions and enhanced H i surface density are physically related.
incides with two regions of very low H i flux, basically holes
in the H i disk. In general, due to the complex kinematic
structure of this galaxy the fit results for radii below 250”
could be affected by artefacts and should probably not taken
at face value.
The largest feature in our s1 curve is a massive inflow
signature around 300”. Similar to NGC 2841, we can assess
whether the radial gas motions could lead to the accumu-
lation of gas in the ring structure visible in the integrated
intensity map. Based on Equation 13, we would expect a
pile up of gas at a radius between 200” and 300” due to the
very steep negative slope of Γrad(R) but this region shows a
rather low H i surface density. The ring structure is located
at a radius of 330” ± 20”. This does not correspond to any
particular feature in the radial flux profile. The peak inflow
at 300” also does not coincide, but is just inside the ring
structure. In contrast to NGC 2841, our simple model de-
scribed in Section 3.7 is obviously not able to describe the re-
lation between radial motions and H i density in NGC 2903.
We speculate that the ring structure might instead be re-
lated to more complex internal streaming motions, proba-
bly associated with the galactic bar, the effects of which
are likely not captured correctly by our 2nd second-order
analysis (de Blok et al. 2008). No further galaxy in our sam-
ple shows gas density features in sufficient detail to allow a
straight forward comparison of radial motions to H i density.
The absence of gas accumulation can always be explained by
the low amplitude of order 1 M yr−1 of the radial motions.
Further out beyond 500”, the kinematic structure of the
disk seems less complicated and the velocity measurements
indicate a quite substantial inward motion. However, due to
the low gas surface densities at these radii, the corresponding
H i mass flow rate is only 0.3 M yr−1. This is quite small
but similar to the SFR reported by Popping et al. (2010),
who report values ranging from 0.4 M yr−1 derived from
UV measurements up to 1 M yr−1 from Hα observations.
Our own SFR measurement is consistent with Popping et
al. (2010) but also shows that most of the star formation
happens inside of 150”. Since our kinematic analysis does
not yield reliable results in this region, a direct comparison
is not possible. However, the data are still compatible with
a scenario in which star formation inside of 150” is fueled
by the inflow visible in the disk beyond 500”.
5.4 NGC 3198
NGC 3198 also rotates counter-clockwise and the south-east
part is the nearside. The galaxy has a flat disk without any
c© 2015 RAS, MNRAS 000, 1–25
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NGC 2903
Figure 12. disk geometry and Fourier parameters of NGC 2903. The galaxy shows a strong bar in visual images which seems to
complicate the determination of the disk geometry in the innermost part. It is also not clear if the dip in inclination around 200” is a
genuine feature or an artefact of the analysis (see discussion in Section 5.3). The feature around 300” seems to be related to internal
streaming motions. In the outskirts, the measured H i mass inflow is only around 0.3 M yr−1. However, this is a still significant regarding
the error estimates.
substantial changes in inclination or position angle outside
of 150” (Figure 13).
The radial velocity we measure is always negative out-
side of 200” and we find significant inflow between 0.7 and
2 M yr−1. The average inflow outside r25 is 1.1 M yr−1.
This agrees quite well with the star formation rate of
0.93 M yr−1 reported by Leroy et al. (2008). Also the radial
distribution is roughly consistent. Most of the star formation
happens between 5 and 15 kpc. In this region we find a sub-
stantial modulation of the inflow, probably caused by the
star formation process, but outside of this radius we have
a roughly constant inflow with an amplitude similar to the
star formation rate. Therefore the overall trend fits quite
well in the picture that star formation is fueled by inflows
for this galaxy.
If we compare our results for the s1 component to the
values obtained by Schoenmakers et al. (1997) and Trachter-
nach et al. (2008), we find them to be very similar. We can
reproduce their results by running a two-step analysis. Even
if no radial flow is taken into account in the tilted ring fit, the
subsequent Fourier decomposition shows clear signs of radial
inflow with at least 50% of the amplitude found in the simul-
taneous fit. This is somehow surprising since for NGC 2403
neither Schoenmakers et al. (1997) or Trachternach et al.
(2008) or our two-step fit could recover substantial radial
inflows. For a detailed discussion of different fitting schemes
and validations on mock velocity fields compared to Sec-
tion 3.3. Clearly some property in the NGC 3198 velocity
field is different compare to NGC 2403. As we show in Fig-
ure 13, the s1 term is relatively small and the terms c0, c2
and s2 have comparable amplitude. This means, the asym-
metry of the velocity field is of comparable amplitude as
the overall net inflow. It may be possible that the inflow
in this galaxy occurs in such a way that the tilted ring fit
cannot adjust i and PA to fully compensate for the inflow.
Indeed, inspection of the H i intensity map (available from
the THINGS web page) shows an overall asymmetry with
an extended north-east arm.
5.5 NGC 3521
NGC 3521 is rotating counter-clockwise and its western part
is closer to us. Inclination, position angle and rotation veloc-
ity are fairly constant. The radial velocity seems to be of low
amplitude, as depicted in Figure 14. The star formation rate
reported by Leroy et al. 2008 is 2.1 M yr−1. No GALEX
FUV image was available in the data archive to derive a
SFR profile (for the sake of consistency and comparability
we refrain from constructing this profile based on other SFR
tracers).
We find a rather unusual behaviour for the c0 term,
which starts to drop at about 200” and levels off at a value
of −30 km s−1. The term should represent a strong lopsid-
edness of the radial velocity or a significant change of the
systemic velocity with radius. Since the latter seems unrea-
sonable, we conclude that this term represents lopsidedness.
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NGC 3198
Figure 13. The results for NGC 3198 show a flat and smooth disk with some inflow of nearly constant velocity in the outer half of the
galaxy.
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NGC 3521
Figure 14. The disk geometry of NGC 3521 seems quite flat with some radial inflow mostly at intermediate radii. An odd feature is the
c0 component which drops to a value of −30 km s−1 outside of 200”. This indicates an extreme lopsidedness or hints at other peculiarities
in the velocity field. For NGC 3521 no GALEX FUV image was available to derive a SFR profile.
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This in consequence would imply a strong east-west gradient
in the radial velocity field. Gas then would enter the galaxy
on the western side with roughly 30 km s−1, cross the disk
and leave again on the eastern side, which altogether seem
quite an unlikely scenario too.
However, the overall galaxy appearance is indeed quite
asymmetric. Images at optical wavelength show numerous
well pronounced dust lanes and a very extended north-west
spiral arm. This arm is also visible in the 21 cm line as
extension of the disk. In addition, also a south-east lobe
exists which is even more extended. It shows very high fit
residuals of up to +60 km s−1. This relatively localised fea-
ture introduces the peculiar c0 values to our fit. We know
that NGC 3521 underwent extensive merger activity in the
past. Martinez-Delgado et al. (2010) present deep surface
photometry which shows several stellar streams and an ex-
tended envelope of stars around the galaxy. Also, de Blok
et al. 2008 found that a substantial amount of gas is not
moving within the plane of the galaxy. This clearly affects
our fit.
Given the complex dynamic structure of NGC 3521 and
its recent merger history, the results of our fitting procedure
need to be considered with caution. The derived fluxes need
not necessarily be interpreted as large-scale inward mass mo-
tion. Deciphering the kinematics of such a disturbed system
most likely is beyond the capabilities of the method, as it re-
lies on the assumption of a relatively unperturbed disk with
only mildly varying geometry.
5.6 NGC 3621
The analysis for NGC 3621 reveals a relatively simple disk
with fairly constant inclination and position angle. This is
somewhat surprising, because the galaxy looking clumpy
and inhomogeneous in the integrated intensity map. The
visual impression could be influenced by the fact, that an
extra gas component in the form of a stream or a warp in
the line of sight crosses the main disk and creates some fore-
ground confusion (de Blok et al. 2008). The galaxy rotates
clockwise and the rotation curve is completely flat outside
of 200” (Figure 15). The measured radial velocity is of low
amplitude and varies in the range of ±5 km s−1. Walter et
al. 2008 report a high SFR of 2 M yr−1. Our coarse SFR
estimate from GALEX FUV images is substantially lower
(0.5 M yr−1) but as mentioned, our aim is to reproduce
the radial distribution not the galaxy-integrated amplitude
of the star formation activity. Figure 15 therefore shows the
profile we measure scaled to the total SFR reported by Wal-
ter et al. (2008). Some slight correlations between the radial
H i flow and the SFR profile might be visible, in particular
at 100” where a substantial amount of the star formation
takes place and the low-level inflow we measure decreases.
However, we do not find signs of large-scale inflow and the
recent star formation in NGC 3621 seems to consume the
existing gas inventory of the galaxy and is at the moment
not fueled from outside in substantial amounts.
5.7 NGC 5055
NGC 5055 exhibits a very complex disk geometry, as indi-
cated in Figure 16. The southern part of the disk is closer
to Earth and rotation occurs in a clockwise direction. In the
integrated H i map as shown by Walter et al. (2008) one
can clearly distinguish between an inner star-forming part
of the galaxy (SFR given by Leroy et al. 2008 2.1 M yr−1,
for the radial distribution, compare to Figure 16) and an
outer diffuse ring with a noticeably different inclination an-
gle. The kinematic analysis yields an inclination which first
rises to above 65◦ at 380”, then declines to 50◦ at 650” and
then rises again to slightly below 60◦. The position angle
also changes. The most significant feature is a steep rise by
30◦ between 500” and 800”. For the radial velocity we find
values around zero up to a radius of 600”. Outside of this, in
the region of the H i ring, it rises to 20 km s−1 and declines
again towards the outermost part of the galaxy. This corre-
sponds to an outward peak mass flow of 6 M yr−1. Inside
of 600”, no significant mass flow is detected. The asymmetry
terms show quite high and varying values.
Even if the rise of inclination outside of 600” is quite
steep, it is only about 50% of the critical change rate given
in Equation 15. Therefore, the measured s1 term should be
robust and we consider the H i mass flow to be real. From
dust lanes we can infer that the galaxy rotates clockwise
and the radial flow is directed outward. Chonis et al. (2011)
report the detection of a stellar stream in the outskirts of
NGC 5055 via deep optical surface photometry. The stream
is inclined with respect to the disk, but not associated with
any H i structure. NGC 5055 is part of the M51-group and
accompanied by dwarf galaxies are known (Battaglia et al.
2006). The detection of the stream is a clear evidence for a
recent merger event. From the geometry of the stream pre-
sented by Chonis et al. (2011) one could estimate that it
passed through the disk of NGC 5055 at a radius of roughly
600”. This matches strikingly well with the minimum of the
inclination, and it is also well within the regime of the steep
change in position angle. It seems that the merger has per-
turbed the disk of NGC 5055 and left an imprint in the H i
kinematics. Even if the exact dynamics are unknown, it is
very likely that the complex disk geometry we find is the
direct result of this recent merger event.
There is also a dark dust filament visible in front of the
southern half of the stellar disk. It has a quite luminous H i
counterpart which is easy to identify in the integrated inten-
sity map. From the visual impression of the velocity map,
the filament seems to move out of the galactic plane and at
a different orbital velocity than the rest of the disk. This
probably causes the bump in the inclination at around 350”
since the fit cannot differentiate between the disk velocity
and the motion of the filament and fits an average along the
line-of-sight.
5.8 NGC 6946
For NGC 6946 we derive a fairly low inclination of ∼ 35◦
with substantial scatter from ring to ring. Similar results
are reported by de Blok et al. (2008). The low and varying
inclination makes the fit quite uncertain since the majority
of parameters are scaled by sin(i). The fit only converges
if we choose quite wide rings (increase in 30” steps) and
we consider it quite likely that the actual uncertainties are
larger than the formal error bars shown in Figure 17.
We determine a moderately varying PA and clockwise
rotation and find the nearside of the disk to be the north-
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NGC 3621
Figure 15. Fit results for NGC 3621. The disk is flat, as is the rotation curve. The radial velocity wiggles around zero without clear
signs of significant radial motions.
west part. The inward radial velocities are very high and in
excess of −60 km s−1, which is roughly one third of the rota-
tional velocity. Also, the radial velocity field shows a quite
substantial lopsidedness with a difference between north-
west and south-east edge of around 30 km s−1. Even if we
do not take the two rings at 450” and 480” into account,
NGC 6946 shows an extremely high H i mass inflow of 10 to
15 M yr−1 in the range from 400” to 650”. Our fit results
are stable and the residuals show no obvious feature that
would indicate problems with the fit beyond the large sta-
tistical errors. Nevertheless, we express some concern that
the derived magnitude of the inflow could be larger than
what is physically reasonable and may be exaggerated due
to the low inclination of the galaxy.
However, NGC 6946 does exhibit exceptional proper-
ties. The star formation rate is relatively large with with a
value of 3.3 M yr−1 (Leroy et al. 2008). The gas-to-stellar
mass ratio is also high. For the atomic gas, a value of 20% is
reported. For the molecular gas, the number is 12%, which
is the largest value in the entire THINGS sample. From the
GALEX FUV images we find that a substantial part of the
total star formation takes place inside of r25, well inside the
region where we detect the large inflows. The amplitudes of
inflow and SFR roughly match, however the uncertainty in
the inflow measurements prohibits a detailed comparison.
The general picture we get for NGC 6946 fits the simula-
tions by Marinacci et al. (2014) very well. They ran eight cos-
mological hydrodynamical zoom simulations of Milky Way-
sized halos using the moving mesh code AREPO to study
the evolution of disk galaxies.
They usually find quite fast inflow with radial velocities
nearly matching the circular velocity in the outer part of the
disk. The gas in the simulated disks is supported by rotation
only up to the edge of the luminous disk and outside of
this it is highly sub-keplerian. Although these high radial
velocities fit qualitatively to our findings for NGC 6946, their
simulations generally predict too small H i disks compared to
other spiral galaxies. The authors explain that their objects
include far less gas than would be realistic and we assume
that this could affect the size and dynamics of the simulated
gas disks.
If the magnitude of the derived inflow is indeed correct,
the inflow rates would be uniquely high in our sample. How-
ever, given the low inclination of NGC 6946 and the large
ring-to-ring variations in the fit, we may expect these inflow
rates to be upper limits and presumably should not be taken
at face value.
5.9 NGC 7331
NGC 7331 is rotating clockwise and the western part of
the disk is closer to Earth. Our analysis yields a fairly con-
stant inclination and position angle as well as rotation ve-
locity (Figure 18). We find some inflow of H i at the level of
1 M yr−1 outside of r25 and outflow inside of it. The radial
velocity is close to zero in the inner part and negative at
around −10 km s−1 in the outer part of the disk. The asym-
metry terms are of similar magnitude. In the reconstructed
radial velocity field one sees that inflow predominantly hap-
pens in the northern part of the galaxy. In the southern half,
the radial velocity does not substantially deviate from zero.
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NGC 5055
Figure 16. disk geometry and Fourier parameters of NGC 5055. The geometry of the disk shows significant structure compared to
the other galaxies in our sample. None of the analysed galaxies shows as much change in inclination and position angle as NGC 5055.
We speculate that this is due to an interaction with a dwarf galaxy. A corresponding stellar stream reported by Chonis et al. (2011)
intersects the disk at a radius of roughly 600”. This coincides with the radius at which we see a distinct minimum of the inclination and
a strong change of position angle. Inside of 600” we find no significant radial motions, further out we find gas moving outward, peaking
at a radius of 800” and H i mass flow rates of up to 6 M yr−1.
The integrated H i map shows a fairly extended lobe on the
northern end of the galaxy and a small on in the south. One
possible explanation could be that a relatively localised gas
stream flows inward from the circumgalactic medium and
reaches the northern part of the galaxy. Unfortunately, the
high inclination of NGC 7331 makes it difficult to study the
structure of the northern lobe in more detail, and the obser-
vations are not sensitive enough to trace the H i gas further
out.
The Leroy SFR for NGC 7331 is nearly as high as
for NGC 6946, but the measured H i inflow rate of about
1 M yr−1 is more than an order of magnitude lower. How-
ever, all star formation takes place inside of 25 kpc (compare
to Figure 18) and we find basically constant inflow outside
of 15 kpc. Despite the mismatch in amplitude this gives a
roughly consistent picture of mass transport and star for-
mation.
5.10 NGC 925
For NGC 925, we find that the galaxy is most likely rotating
clockwise and that the northern part of the disk is closest to
us. There is a nearly linear drop of inclination from above
85◦ in the centre to 50◦ in the outskirts. At the same time
the rotation velocity shows a nearly linear rise out to 250”
and then saturates at ∼ 110 km s−1 (Figure 19). Optical im-
ages clearly show a bar in the galaxy centre. As described in
Section 3.2, solid body rotation makes it impossible to dis-
entangle inclination and rotation, and therefore the inferred
disk geometry inside of 250” may be incorrect. Outside of
this radius, however, our fit results should be robust.
The amplitude of the radial velocity is quite high. Out-
side of 300” it rises to a maximum of 20 km s−1. This results
in an H i outflow of nearly 5 M yr−1 at around 300”. The
integrated H i map clearly shows two extended spiral arms,
probably related to interactions or accretion events. Heald
et al. (2011) report the detection of an extended H i enve-
lope with complicated streams caused by a minor merger
in the HALOGAS survey. They even find a very faint op-
tical counterpart which could be the remnant of a gas-rich
dwarf galaxy that was accreted by NGC 925. The fact that
we derive outward instead of inward motion is surprising,
but the overall picture slightly resembles that of NGC 2841
(Section 5.2).
6 CONCLUSIONS
In this kinematic study we analysed the H i velocity field of
ten disk galaxies from the THINGS survey and investigated
the presence of radial inflows, which might supply the star
forming regions in the inner parts with fresh gas and thereby
allow continued star formation.
Given that the gas depletion timescale in most spiral
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NGC 6946
Figure 17. Results of the analysis for NGC 6946. The galaxy has a low inclination of about 35◦ which makes a kinematic analysis
difficult and leads to large uncertainties. The determined radial velocity of ≈ 60 km s−1 translates into an H i inflow of 15 M yr−1.
While this represents an extreme mass flow, NGC 6946 has a high SFR of 3.2 M yr−1 and a high and extended molecular gas content.
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Figure 18. disk geometry and Fourier parameter for NGC 7331. The disk is flat and outside of 300” we find 10 km s−1 inflow. Due to
the relatively low H i density this translates into an H i mass flux of only 1 M yr−1.
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Figure 19. The results for NGC 925 indicate a linearly rising rotation curve which complicates the proper determination of the inclination
in the inner half of the H i disk (see discussion in Section 3.2). Outside of 200” our analysis indicates strong outflows.
galaxies is short and of the order of ∼ 2 Gyr it is a long
standing problem of galaxy evolution to explain how star
formation activity is sustained over cosmological timescales.
If we discard the possibility that most galaxies are observed
on the verge of running out of gas, then they must be con-
tinuously fed by fresh material. Our aim is to search for
signatures of this process.
We started our investigation of the dynamics of H i gas
in nearby disk galaxies with the analysis of existing tilted
ring fitting methods and the assessment of their statistical
reliability. We found that most two-step fitting schemes are
unable to recover the full radial inflow in the velocity field
and as a consequence developed a new Fourier decomposi-
tion scheme that includes second order terms of rotational
and radial velocity and simultaneously determines the posi-
tion angle and inclination angle as functions of radius. By
applying it to mock velocity data we demonstrated that the
new method is more stable and less susceptible to systematic
errors. It is well suited to reliably detect radial flows of mate-
rial through the disk for galaxies that show no strong warps
and no sudden changes of position angle. The method works
well for galaxies with intermediate inclination angles and
smooth and unperturbed disks, but gives less reliable results
for galaxies with complicated kinematics and geometries, for
instance if they have recently gone through a merger event
that disturbed the disk.
We find clear evidence for radial inflow in NGC 2403
with an amplitude of 15 km s−1 corresponding to an H i
mass flow rate of 3 M yr−1. Substantial inwards mass flux
through the outer disk is also detected in NGC 3198 with
values up to 2 M yr−1, and to a lower degree in NGC 2903
and NGC 7331 with values around and below 1 M yr−1.
For NGC 6946 we infer a surprisingly large inflow rate of
15 M yr−1, but this measurement is affected by the low
inclination of the galaxy and is likely to be overestimated.
We compare our radial mass flux profiles to star forma-
tion rate profiles based on GALEX FUV imaging and to SFR
measurements from the literature. We find that the rate at
with gas gets transported through the disk is sufficient to ex-
plain the current star formation activity and if this is indeed
representative of the long-term average, than the accretion
of new material onto the outer disk of these galaxies and its
subsequent inwards transport through the disk is sufficient
to maintain a steady state over secular timescales.
However, a detailed comparison of the radial distribu-
tion of star formation and mass inflow usually deviates sub-
stantially from the naive assumption of a stationary state
with a one-to-one relation between inflow and star forma-
tion across galaxy disks. This is indicative of additional mass
transport processes acting within the galaxies, for example
gas ejection by stellar winds, often referred to as galactic
fountains.
For NGC 5055 as well as for NGC 2841 and NGC 925
we find that H i gas flows outwards in the outer disk. In
NGC 5055, there is evidence of a recent encounter with a
dwarf galaxy. We think that this is the cause for its per-
turbed disk geometry, and speculate that the angular mo-
mentum delivered to the disk by this encounter drives the
inferred outward motion. Indications of a recent merger with
a gas-rich dwarf galaxy are also reported for NGC 925. We
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therefore consider the encounter with a dwarf galaxy as pos-
sible explanation for the peculiar properties of all three ob-
jects.
Nearly all the galaxies in our sample show some degree
of asymmetry like lobes, streams, or other types of disk per-
turbations. Complex kinematic structures thus appear quite
common among large spiral galaxies and unperturbed disks
are likely to be an exception. To properly model the velocity
fields of the observed H i disks, in particular of their outer
regions, where these perturbations seem more pronounced,
the employed fitting has to be able to adapt to these asym-
metries. It would therefore be highly desirable to include as
many Fourier components as possible in the simultaneous fit
of the H i velocity field, which is a difficult task: the compo-
nents of the Fourier decomposition of the field are highly de-
generate and going beyond the second order is not practical.
Clearly, more sensitive observations that cover larger areas
especially of the out disk will help to improve our ability to
study the H i velocity field, however, the general limitations
of the purely kinematic analysis method remains. Doing full
justice to the complex velocity patterns observed in these
disk galaxies remains a challenging task.
We conclude, that there are indeed radial inflows in the
disks of galaxies present which can easily be of sufficient
magnitude to sustain star formation in the inner parts of
galactic disks. However, the situation appears more com-
plex than simply linking the inferred inflow rates to mea-
sured star formation rates: the inflow rates are often up to
an order of magnitude larger than the SFR (to some degree
a detection bias, since an inflow rate corresponding to the
average SFR of ≈ 1 M yr−1 in our sample would only be
barely detectable with our method) and in every case highly
variable throughout the disk. There are a variety of possi-
ble explanations like episodic gas accretion, probably related
to minor merger events, accretion directly to intermediate
radii of the disks or a substantial contribution from inter-
nal cycling of gas suggested by the galactic fountain picture.
Without dedicated simulations aiming at a precise modelling
of gas kinematics including physical feedback schemes, it
will probably be impossible to decide in favour of a partic-
ular model. While our study based on kinematic data alone
could show the existence of radial inflows in disk galaxies,
any further investigation will probably not only need supe-
rior (deep, extended and good resolution) observational data
but also a much broader approach supported by simulations.
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